A biospecific lectin affinity-based isolation process for a novel glycoprotein (ClGp1) from the venom of the pelagic jellyfish Cyanea lamarckii, is described and the isolated glycoprotein is chemically and biologically characterized according to size, molecular interaction and toxicity. The molecular mass of the isolated protein is 25.7 kDa as determined by matrixassisted laser desorption ionization -time of flight mass spectrometry (MALDI-TOF). The carbohydrate content was calculated after enzymatic deglycosylation as 6.85 kDa. The glycoprotein is cytotoxic and could be isolated from cnidocysts of mesenteric and fishing tentacles. The binding behaviour of the glycoprotein to the lectins Concanavalin A (ConA) and Wheat Germ Agglutinin (WGA) was analyzed by surface plasmon resonance (SPR) and affinity constants in the range of, K D =3.0*10 -7 M for ConA and 2.1*10 -6 M (pH 5.0) and 2.6*10 -6 M (pH 7.4) for WGA were obtained.
Introduction
Cyanea spec. belong to the most abundant jellyfish of the northern coastal zones. The biochemical composition of their complex venoms and their toxic potency is only poorly understood. Cyanea medusea are a major component of the pelagic food web due to their predation on crustacean and fish fry [1] . Their toxins, which are actively utilised for prey capture, are harboured as complex mixtures (venom) in cell organelles (cnidocysts). The cnidocysts are preserved in cnidocytes, specialized cells situated in batteries on fishing and mesenteric tentacles and controlling the extremely fast discharge and envenomation process.
In order to identify single venom components for the structural and functional analysis of Cyanea toxins preparative purification of the complex venom is performed with special focus on glycosylated proteins.
Glycosylation as a common postranslation modification of proteins is an important functionrelated structural characteristic in cytotoxic substances [2] . Snake, fish, mollusc and scorpion venoms are known to contain glycoproteins as active compounds [3] [4] [5] [6] . Carbohydrate side chains of glycoproteins in snake venoms acting as anticoagulant factors have been characterized due to their affinity to lectins of different specificity [3] . A mannose-containing glycoprotein with mitogenic activity was isolated from a sea urchin [7] .
In cnidaria, glycoproteins are known from soft corals to function as structural proteins [8] .
Glycoproteins have been obtained from whole body extacts of Metridium senile (cnidaria, anthozoa) but the functional significance is unclear [9, 10] . Glycosylated collagens have also been described as structural proteins in the cell wall of cnidocysts and mesoglea tissue from the mesoglea of sea anemones [11] [12] [13] [14] . Glycosylated collagens from hydra and also from the scyphozoan jellyfish Pelagia pacifica have been detected and compared [15] .
An anthozoan glycoprotein with hemolytic activity and affinity to ConA has been isolated from the nematocysts of the sea anemone Stoichactis helianthus [16, 17] . Interaction with Concanvalin A was measured by precipitation indicating the occurrence of mannose or glucose containing carbohydrate side chains. A further cnidarian glycoprotein with identified toxic potency is known from Physalia physalis (cnidaria, hydrozoa). The hemolytic activity of this Physalitoxin can be inhibited by ConA [18] .
Intergral and membrane-associated proteins extracted from the perirhopalial tissue of Cyanea capillata have been positively detected by lectins of different specificities [19] . However toxic glycoproteins have not been described from Scyphozoa of the species Cyanea lamarckii which are the object of the present investigation.
In order to purify and prepare glycosylated toxins lectin-affinity adsorbents have been applied. These adsorbents are a powerful tool for the efficient isolation and analysis of glycoproteins from complex mixtures [20] [21] [22] [23] . Lectins are proteins or glycoproteins expressing a specific affinity to carbohydrates conjugated to proteins or lipids. These proteins bind to mono-and oligosaccharides reversibly with high specificity, but are devoid of catalytic activity [24, 25] . Lectin-affinity chromatography (LAC) enables the isolation of glycoproteins and the conservation of their function and natural glycosylation pattern by using mild chromatography conditions. A summary of recent development in the preparation and application of lectin adsorbents is given by Monzo et al. [26] . An LAC process starts with the lectin immobilization on a solid support. A mixture containing the glycosylated compound is applied and the unbound material is washed out. Following this, the specifically adsorbed product can be desorbed with an elution buffer containing the corresponding monosaccharide.
Lectin affinity chromatography can not only be applied for purification but also for a comprehensive analysis of glycoproteins and glycan profiling which are a fundamental part of the research field of "glycoproteomics" or "glycomics". For such a comprehensive profiling a wide variety of lectins with different specificities combined with sensitive and high resolution mass spectrometry is needed [27, 28] .
If the glycosylation is a function related post translational protein modification lectin interaction can be also used for the functional characterization of glycoproteins by means of a biospecific interaction analysis based on the physical phenomenon of surface plasmon resonance (SPR) [29] . SPR spectroscopy is a biosensor-based method that observes the interaction of a biomolecule as an analyte in the mobile phase with specific sites immobilized at a functionalized gold-chip surface. The binding of an analyte can be monitored in real time without labelling. Binding characteristics and inhibitor reactions can be measured to determine substance related affinity constants [30] . Carbohydrate-based interactions are an important aspect of the application of biosensor molecular interaction analysis [31] .
Oligosaccharide, glycopeptide and glycoprotein binding onto lectins is described in several studies [32] [33] [34] .
The carbohydrate binding specificity of lectins is utilized for the isolation of a toxic glycoprotein from the venom of Cyanea lamarckii named ClGp1 meaning Cyanea lamarckii glycoprotein 1. The isolation process by lectin affinity chromatography and the application of biospecific interaction analysis for glycoprotein characterization is described.
Experimental

Materials
The polymer based support Toyopearl AF-Tresyl-650M was obtained as a preactivated bulk material from Tosoh Biosep (Stuttgart, Germany). Sephadex G25, the lectins Wheat Germ Agglutinin (WGA), Concanavalin A (ConA) and Bradford reagent were purchased from Sigma (Taufkirchen, Germany). Horseradish Peroxidase (HRP) (EC 1.11.1.7.), was purchased from Fluka Chemie AG, (Bruchs, Switzerland). All other chemicals were of analytical reagent grade. Fresh fishing and mesenteric tentacles were used for the purification of intact cnidocysts. This material was stirred gently in distilled water on ice over night. The resulting organic suspension was filtered through a nylon sieve with a mesh size of 500 µm to remove mesoglea residues. The filtrate was centrifuged at 4°C at 3000 rpm for 5min. After discarding the supernatant, the residues were washed 2-3 times with sterile filtered seawater. The content, purity and integrity of cnidocysts were controlled microscopically and the cnidocyst concentrate was stored at -80°C until extraction. The extraction of cnidocysts was performed by sonication in the same manner as described for tissue samples.
Organisms and venom preparation
Protein purification 2.3.1 Preparation and characterization of affinity adsorbents
The preparation of lectin affinity adsorbents was performed as described previously [23, 35] .
Immobilization of ConA onto tresylated polymer supports was carried out within 4 hours using 0.5 M phosphate buffer (pH 8.0) and the remaining tresyl groups were blocked with 0.2 M Tris-HCl buffer (pH 8.0). The coupling yield and surface coverage was calculated by protein determination (section 2.4.1). Three batches of ConA polymer-based adsorbents have been prepared to determine the optimal particle surface coverage for a maximal accessibility of carbohydrate binding sites and three batches of ConA adsorbents have been prepared for the preparative isolation of ClGp1. The performance of the prepared ConA-adsorbents was controlled by adsorption and specific desorption of HRP as described in section 2.3.2. To determine the accessibility of carbohydrate binding sites the theroretical adsorbents capacity was calculated and HRP was applied excessively.
Lectin affinity chromatography
For ConA affinity chromatography, a low-pressure liquid chromatography system (BioRad, Munich, Germany) was employed. The prepared adsorbents were packed into BioRad glass columns at a bed volume of 1.9 mL (5 mm x. 10 mm width x length). Adsorption was performed in 0.1 M acetate buffer pH 6.0, 1 mM manganese, 1 mM magnesium and 1 mM calcium. Specific desorption was achieved with the same buffer containing 0.1 M methylmannopyranoside. All separations were carried out at a flow rate of 0.6 mL/min.
An affinity cycle includes the adsorption, thorough washing of unbound material (washing fraction), and specific desorption (elution fraction), followed by a regeneration step with adsorption buffer. The recovery was determined as protein concentration in the resulting fractions.
Size exclusion chromatography
Further purification of the elution fraction was achieved by size exclusion chromatography on Sephadex G25. SEC (bed volume 27 mL, 1 cm x. 34 cm width x length) was performed on an Äcta prime low-pressure chromatography system (Pharmacia, Uppsala, Sweden).
Chromatography parameters were flow 0.6 mL/min, injection volume 0.5 mL, fractionation 1.2 mL in 10 mM acetate buffer pH 5.5. Chromatograms were recorded with an UV detector at 280 nm.
Protein analysis 2.4.1 Quantitative Protein Assay
To calculate the coupling yield of adsorbent preparation, the ConA concentrations were determined by a dye binding assay (Bradford reagent) adapted to measurements in a microplate reader (Victor 3, 1420 Multilabel Counter, Perkin Elmer, RodgauJügesheim, Germany) with lectin standard. The protein content in crude extract, purified fractions, and purified glycoprotein was measured with bovine serum albumin (BSA) as standard protein [36] .
Electrophoresis
Tricine-sodium dodecyl sulfate-gel electrophoresis was performed with self casted polyacrylamide gels. A 10% T, 3% C separating gel was combined with a 4% T, 3% C stacking gel for the separation of proteins in the range of 5-100 kDa [37] . SDS Page protein marker 6.5-200 kDa (Serva electrophoresis GmbH, Heidelberg, Germany) was used for the estimation of molecular weights with the Bio Imaging System Genegenius (Syngene, Cambridge, UK). The one dimensional electrophoresis was performed in the Protein II electrophoresis system (BioRad, Munich, Germany). The gels were coloured by colloidal Comassie Brilliant Blue G250 dye (Roti® Blue, Carl Roth GmbH, Karlsruhe, Germany).
Mass spectrometry
Prior to the molecular weight determination with a matrix assisted laser desorption/ionization -time of flight mass spectrometer MALDI-TOF-MS (Ultraflex II, Bruker Daltonics, Bremen, Germany) the samples were dialyzed against 0.1% trifluoro acetic acid (TFA) and subsequently pre mixed with the matrix sinapinic acid (4-Hydroxy-3,5-dimethoxy-cinnamic acid) in acetonitrile / 0.1% TFA 1:2 (v/v). 1 µL of the 1:1 (v/v) sample/matrix mixture was spotted on a polished steel target (Bruker). For MS calibration the protein calibration standard II purchased from Bruker was used.
Deglycosylation
The N-glycosylation carbohydrate content of ClGp1 was determined by enzymatic deglycosylation with PNGase F (Glycoprofile TM II Sigma, Munich, Germany).
According to the manual the lyophilized sample was solubilized in reaction buffer and denaturated by heating in 2% octyl-β-D-glucopyranosid, 100 mM mercaptoethanol for 10 min at 100°C. Enzymatic carbohydrate cleavage was performed at 37°C for 24 h. Prior to the analysis an 800µm AnchorChipTM target (Bruker) was prepared with "super DHB" (sDHB).
2,5-Dihydroxy benzoic acid (10 mg/mL in 20% acetonitrile) and 5-methoxy salicylic acid (10 mg/mL 50% acetonitrile) were first mixed at a ratio of 9:1 (v/v). 1 µL of the resulting matrix were deposited on the anchors and allowed to crystallize at room temperature. 0.5 µL of the reaction mixture were then applied onto the matrix surface and after drying the spots were analysed.
Biospecific interaction analysis
The characterization of the binding behaviour of the isolated glycoprotein was performed with a Biacore 3000 system (GE Healthcare Europe, Freiburg, Germany). 
Immobilization of ligands
Binding assays and data analysis
The evaluation of affinity constants was performed for HRP as model substance and for the 
Cell toxicity assay
A dye uptake test system was used to detect the acute toxicity of the extracts as described in [38] . Cells of a continuous HepG2 culture were sowed into a microtiter plate in a density of Due to the increased protein content in the tissue extract compared to the extracts obtained from the purified cnidocysts suspension the amount of glycoprotein in the elution fraction is higher whereas the percentage ratio is comparable.
SEC was performed in order to remove the methylmannopyranoside in the affinity chromatography elution fraction and to achieve a separation of contaminants like other glycoprotein with affinity to ConA or proteins with weak unspecific interaction (figure 2).
Cyanea lamarckii glycoprotein 1 (ClGp1) appeared in the first peak at 18 min and the smaller carbohydrate molecules indicated by the increase in conductivity can be eliminated.
The isolation process has led to a bioactive, cytotoxic glycoprotein. The toxicity was measured in a cell based assay and a total loss of cell growth could be determined at a concentration of 5µg protein equivalents per 10 5 cells per microtiter well corresponding to a protein concentration of 17 µg/mL. Compared to the crude extract a 5 fold increase of activity was achieved.
Glycoprotein identification
Molecular weight and purity of the isolated glycoprotein were determined by SDS PAGE and MALDI-TOF (fig 3) . According to the molecular weight marker the MW was determined as 27 kDa by SDS Page and 25.7 kDa by MALDI-TOF. Analysis of the glycoprotein isolated from extracts of cnidocyst concentrates from mesenteric tentacles and also of cnidocyst extracts from fishing tentacles showed the same molecular weight compared to the ClGp1 from whole tissue extracts of oral arms (data not shown).
Enzymatic deglycosylation with PNGase F has led to a molecular weight loss of 6.85 kDa indicating a carbohydrate content in ClGp1 of 26.8%. The MALDI-TOF mass spectrum of the deglycosylated sample is given in figure 4 . In order to identify other carbohydrate side chains, the affinity of ClGp1 to Wheat Germ Agglutinin with specificity to N-acetylglucosamin and sialic acid residues was tested in two different buffer systems. ClGp1 showed a distinct, reversible and concentration dependent affinity to WGA in acetate buffer pH 5.0 and phosphate buffer pH 7.4 ( figure 7 ). Affinity constants were determined as K D =2.1*10 -6 M in acetate buffer and K D =2.6*10 -6 M in phosphate buffer, respectively (table 2).
Discussion
A structure specific separation process was developed for the isolation of a toxic glycoprotein from the cnidocysts of the jellyfish, Cyanea lamarckii. Information on the biochemical composition of Cyanea spec. venoms is limited and a glycoprotein with cytotoxic potency from this species has not been described before. As structural information for protein identification, the molecular weight of 25.7 kDa was determined and, according to the biospecific interaction analysis, the occurrence of glucose/mannose and N-acetylglucosamin/sialic acid in carbohydrate side chains of the cytotoxin can be supposed.
Glycosylation is known as a function-related, posttranslational protein modification. However the application of biospecific lectin affinity chromatography combined with a polishing step, such as SEC, for the isolation of such toxins is infrequent. This process has the advantages of high-resolution, fast processing, and mild chromatography conditions which favour the maintenance of bioactivity, as documented by the cell-based toxicity assay. Hemolytic activity, as published for anthozoan glycoproteins [17, 39] , could not be detected (data not shown), although the crude venom of mesenteric and fishing tentacles from Cyanea lamarckii expressed hemolytic activity [38] . Cyanea glycoproteins [19] .
N-glycosylated carbohydrate side chains were determined by enzymatic deglycosylation and mass spectrometric analysis of the resulting protein back bone. The measured carbohydrate moiety was 26.8% of the total protein mass which is relatively high compared to 3% in stone fish venom and 3.7% in the anthozoan glycoprotein [4, 17] . However, the carbohydrate content in Physalitoxin from P. physalis (10.6%), in Cx3 from cobra venom (≅ 29%), as well as in Pachymatismin from the marine sponge P. johnstonii (30%), indicate that a high degree of glycosylation in marine and terrestrial toxins may occur [2, 18] . SDS Page analysis with carbohydrate staining showed the majority of glycoproteins in the venom of the sea anemone Aiptasia pallida and Physalia venom supporting the necessity for the application of glycoprotein specific procedures for venom purification [18, 39] .
The function and stability of toxins can be affected by the glycosylation pattern. Therefore the carbohydrate-based molecular interaction with two glycoconjugate binding lectins of different specificities has been analyzed. Characterization of binding strength to ConA could also be used to optimize the preparative affinity separation procedures and to prove the structure-preserving quality of the separation process. Interaction analysis with Wheat Germ Agglutinin was performed to obtain additional structural information on carbohydrate side chains. [42] .
Due to the dissociation of ConA tetramers into dimers with two carbohydrate binding domains at pH 5 it is recommended to run the immobilization and a thorough equilibration at lower pH to ensure a stable ligand conformation [42] . .0*10 -6 M, taking into account that it was a particle-based approach with different instrumental and analytical conditions [43] .
The isolated GlGp1 expressed a slightly stronger affinity to ConA when compared to HRP, indicating a high degree of mannosyl/glucosylation. GlGp1 also showed a binding activity to WGA. WGA has been used in several SPR studies for carbohydrate-protein interaction analysis [44, 45] . Different buffer systems, at pH 5.0 and 7.4 respectively, were used to compare the binding behaviour between ConA and WGA and to apply the optimized conditions routinely used for preparative WGA affinity separations [46] . No significant impact of a pH (range of 5.0 and 7.4) on the binding strength of ClGp1 onto WGA could be detected. The affinity constants show a decreased binding strength compared to ConA.
According to the affinity constants in the micromolecular range the application of a weak affinity separation could also be possible, as it has been shown for particulate WGA adsorbents [47] . The affinity of ClGp1 to WGA indicated the occurrence of Nacetylglucosamine or sialic acid in carbohydrate side chains of the isolated cytotoxin.
Considering the high degree of glycosylation, different glycosylation sites in the toxin molecule are likely. Hence ClGp1 has to be viewed as a heterogenous mixture of closely related glycosylation variants, so-called glycoisoforms, as indicated by the relative broad molecule ion mass signal (figure 3) which would imply different glycoisoforms.
Further bioanalytical investigation will be carried out for the structure elucidation of the isolated ClGp1 and to clarify the observed cytotoxic effects on a molecular level.
Conclusion
Species of the genus Cyanea belong to the most abundant scyphozoa in the northern coastal territories. The stinging capacity of Cyanea spec. is described as low but in vitro studies to characterize the true toxic potency and information on the biochemical composition of the venom are not available for C. lamarckii. Due to the importance of glycosylation as a function-related protein modification a biospecific separation process based on lectincarbohydrate interactions have been applied and a novel glycoprotein with cytotoxic potency could be isolated. The functionality of a carbohydrate-specific isolation procedure as a tool for the preparation of a bioactive compound has been demonstrated. Biosensor based SPR studies have been used to describe the binding behaviour of the isolated glycoprotein to different lectins as a substance-related characteristic. This method is often used for the characterization of well-defined model-glycoproteins or synthetic oligosaccharide structures.
